Abstract
Introduction
Southern Africa faces many daunting developmental challenges. Although rich in natural resources, industrial and commercial development remains slow, poverty remains high, and access to clean affordable energy for households remains low. It is estimated that only 24.7% of households in the region have access to electricity and biomass remains the primary energy source in many of the countries (World Bank, 2005) . Regional trade and cooperation between countries in Southern Africa is seen as a way to advance economic well being, social development, and peace and security in the region.
To this end, the Southern African Development Coordinating Conference was formed in 1980 with nine Southern African member states namely
Background

Energy intensity
The energy intensity of the countries in the SADC is generally low compared to many other developed and developing countries. For instance, the International Energy Agency (IEA) (2005) reported a per capita energy intensity (GJ/person) of 174 for Japan, 175 for Germany and 330 for the United States. The corresponding intensities for the SADC countries are shown in Figure 1 . The energy intensity of South Africa is the highest in terms of GJ/person and GJ/ GDP due to the processing of raw materials (aluminium, steel, cement production), mining activities and coal to liquid conversion.
Mauritius has the highest GDP/capita in terms of purchasing power parity (PPP). In many of the countries the GDP (ppp)/capita is extremely low; Mozambique, Malawi, Zambia, Tanzania and the DRC have an annual per capita GDP (ppp) of below 2000 dollars (excluding informal trade).
In most of the SADC countries, biomass dominates energy supply. The reliability of data regarding the quantities of biomass used that is reported by countries is questionable and will impact on the energy intensities shown.
Key statistics
The GDP and population of the SADC countries are shown in Table 1 as well as the final energy consumption for all sectors in 2005. South Africa is a clear outlier, consuming far more energy than its neighbours. Final energy consumption figures were not available for Lesotho or Madagascar.
The relative contribution to GDP by agriculture, manufacturing, other industry and commerce, varies greatly between countries. Angola, Swaziland and Botswana rely on industry; the DRC, Tanzania and Malawi receive the major contribution from agriculture, whilst South Africa, Zimbabwe, Namibia and Mauritius receive their major contribution from the commercial sector. For 2005, the percentage contribution of the four key sectors contributing to GDP can be seen in Figure 2 .
Energy resources
The Southern African region has abundant hydro power potential in the north, large coal fields in the south and oil reserves off the west coast. There are also large biomass resources. Table 2 contains a summary of the fossil resources available in the SADC region. Table 3 summarises the renewable resources available. Where no information is given, no data could be found, for example, in many cases the wind resource potential in the SADC countries is unknown.
The largest hydro resource in the region lies in the DRC and is estimated to be 100GW. Inga, the largest single site in the country, is a potential resource of 44GW and is the most concentrated hydroelectric potential of any site in the world, with capacity steady all year round. Angola has smaller but also significant hydroelectric resources. The economically recoverable hydro potential in SADC is estimated to be between 70 800 and 134 800 MW (Winkler, 2006) .
The largest geothermal potential lies in the Great East African Rift System (EARS), a major tectonic structure that extends from the Middle East to Mozambique; Kenya and Ethiopia are currently tapping into this resource. SADC countries including Malawi, Zambia, Tanzania and Mozambique could also potentially make use of this resource, but have not done so too date.
Much of the demand for thermal energy in the region is met by biomass in the form of fuel wood. Although there are large biomass resources in most of the SADC countries, in some countries (such as Botswana) the current rate of harvest is not sustainable. 
Electricity supply in SADC
The Southern African Power Pool (SAPP) generally supports reliable and affordable electricity supply to consumers in the region. All SADC countries are represented in the SAPP, except the island states of Mauritius, Seychelles, and Madagascar. Of those in the SAPP, South Africa is the largest player with Eskom being the main electricity supplier in the region. SADC is faced with diminishing surplus generation capacity and therefore the SAPP is attempting to encourage investments in the region. In order to address the shortage, the SAPP is looking at rehabilitation and short-term generation projects which will add around 7600 MW to the grid by 2013 and longer term generation projects such as the Western Power Corridor Project. In addition, new transmission projects will connect Angola, Tanzania and Malawi to the SAPP grid. The precursor to SAPP, the Operating and Planning Committee with BPC, Zesa and Zesco as members was formed in 1993. SAPP was created in 1995 with the addition of new members at the SADC summit. Table 4 lists the installed capacity of major utilities in the region, maximum demand and maximum demand growth as reported by SAPP in the 2006 annual report.
Liquid fuels supply in SADC
Within SADC, Angola and the DRC have large economically recoverable oil reserves. Angola, DRC, Madagascar, South Africa, Tanzania, Zambia and Zimbabwe have refining capacity. South Africa is the only country with large refining capacity. South Africa also boasts a coal-to-liquid and gas-to-liquid plant owned by Sasol and PetroSA respectively. Botswana, Lesotho and Swaziland import all refined products from South Africa. Namibia relies on South Africa for 95% of its imported products and Malawi currently imports 93% of its liquid fuels, supplying 7% of demand with ethanol. Mauritius and the DRC import all refined products. Table 5 summarises the refining capacity in the SADC countries.
Access to electricity and urbanisation
Relatively low proportions of the populations in the SADC countries are urbanised. The majority are subsistence farmers, who only have basic amenities at their disposal (Alfstad, 2005) . Electrification in both rural and urban areas in most of the SADC countries is below 50%, the only exceptions being Mauritius, the urban areas of South Africa and Zimbabwe (UNCDB, 2007) . Table 6 shows the urban-rural split of population in the SADC (and how this is expected to change in the coming years), and the percentage of households with access to electricity. Other fuels used by households are paraffin, charcoal, coal, LPG, candles, dung and crop residue.
Energy consumption in SADC
Much of the demand in the residential sector is supplied by traditional fuels; biomass is used by households to meet around 75% of basic energy needs for cooking, space heating and even lighting (SADC, 2003) . Typically these needs are met by appliances with low conversion efficiencies. For example, a coal brazier has a cooking efficiency of about 8%, a wood stove around 25% compared to a gas stove's 57% or an electric hot plate's 65% (Haw, 2007) . Therefore, final demand for energy is much higher than it would be if all households had access to -and could afford -modern fuels and appliances. As a result, when households access modern fuels and appliances with higher efficiency of conversion from final energy demand to useful energy, the household consumption in final energy can be dramatically reduced, even if the number of end users increases. Marquard (2008) Transport sector demand is low in most of the SADC countries. Where demand is higher, this corresponds to those countries with the highest GDP/capita, namely Mauritius, South Africa, Namibia, Swaziland and Botswana. Transport is dominated by road transport, with a road network linking all the SADC countries.
The region is rich in minerals, and industry is dominated by mining and processing of raw materials. Nevertheless, industrialisation levels are low with the exception of South Africa which has a welldeveloped industrial sector.
Development of the LEAP demand model
LEAP can be used to analyse either national or multi-regional energy systems using the end-use approach. End-use projection models are more detailed than econometric models (Cobb-Douglas), although their analytical formulation can be relatively simple. The advantage of end-use models is that projections can be formulated to capture changes in the fundamental structure of energy-economic relationships, fuel switching, and technology improvements, which may not be present in historical data. End-use models are therefore more appropriate for medium to long-term projections.
In the 'end-use' approach, energy demand is the product of two factors: the activity level and the energy intensity of the activity. The activity level or the demand driver can be, for example, the number of rural/urban households, or commerce GDP in US$. The intensity can either be specified in final demand terms or useful terms. In the latter approach, the final demand is calculated based on specified appliance/fuel share and efficiency. In the case of demand for residential cooking, the intensity is the demand for cooking services per household.
A LEAP model was developed to analyse the final energy demand, how it could evolve over the medium term (up to 2030) for seven of the SADC countries, under a 'business as usual' scenario. The countries were selected on the basis of whether or not sectoral demand data was available, as was the case for Angola, Botswana, Mozambique, South Africa, Tanzania, Zambia and Zimbabwe.
The base year and model structure
Consumption data within the SADC region is generally poor and often inadequate for planning purposes, quantitative data often varies widely between sources and between years. Of the 15 countries, only 7 have reasonably reliable energy balance final energy consumption by sector.
The base year was set to 2005 and was calibrated using data drawn predominantly from the IEA energy balances. In most cases, the IEA data was more or less consistent with the energy balances reported by the countries themselves (where available), and with those reported in the SADC yearbook. In cases where the IEA energy balances lacked data, data was taken from the SADC Yearbook (SADC, 2003) and from a report by Alfstad (2005) .
There are many examples of what appears to be data inaccuracies in the balances; it is unclear how much of the variance is due to data quality, for instance, biomass use in Swaziland appears to be too low and there is no biomass use reported for the residential sector although less than 30% of people have access to commercial energy. Another example is the omission of household demand for energy supplied by solar water heaters in Mauritius. In Tanzania, the commercial sector suddenly stops consuming energy after 1993. Where possible, when no alternative data was found, the amount of energy used in each sector was imputed using historical energy balances.
The sectoral disaggregation of national demand (and the corresponding end-uses) for each country within the model is as follows: 1. Agriculture/forestry (heating, motor, other electric) 2. Commercial and public services (heating, cooling, lighting, other electric) 3. Industry sector (heating, motor, other electric) 4. Residential sector a. Urban (cooking, lighting, space heating, water heating and other electric) b. Rural (same end-uses as for urban) 5. Transport sector a. Freight (road, rail) b. Passenger (rail/road public, road private, air) (2006) The disaggregation of the model structure was limited by the available data. Sub-sectoral data, by fuel and end-use, is only available for South Africa (Winkler, 2006) , but the structure was defined generically, in such a way that structural changes in the economy, urban migration, mode switching (road/rail), technology improvements and fuel switching can be captured, along with improvements in data resources.
Final energy demand by fuel in 2005 is shown in Figure 3 for the 7 countries where data seems more reliable. South Africa, shown on a different scale, is the only country, other than Botswana, where final energy demand is not dominated by biomass. Figure 4 shows the proportional final energy use in each sector for 2005 for the same 7 countries. Again, South Africa and Botswana are again unique in that their final demand is not dominated by the residential sector.
The demand drivers for agriculture/forestry, commercial and public services, and industry are based on the level of economic activity, defined by the value added in each of those sectors in constant (year 2000) US$ (ppp). Historical data on value added in each of the sectors for each SADC country can be obtained from the UN Common Database (this database gives value added in constant national currency which was converted to constant US$ (ppp).
Demand drivers 4.2.1 Drivers of energy demand in agriculture, commerce and industry
The demand drivers for agriculture/forestry, commercial and public services, and industry are based on the level of economic activity, defined by the value added in each of those sectors in constant (year 2000) US$ (ppp). Historical data on value added in each of the sectors for each SADC country can be obtained from the UN Common Database (this database gives value added in constant national currency which was converted to constant US$ (ppp)). Projections of value added are based on projections of each country's GDP over the planning period (scenario parameter), observed historical trends in the structure of the economy, and a value judgment on how the structure is likely to evolve based on observed trends in other transitioning economies.
Drivers of energy demand in the transport sector
The two consumption drivers for the transport sector of the model are GDP and population for freight and passenger transport respectively.
Drivers of energy demand in the residential sector
The demand driver for the residential sector is the number of households, both in urban and rural areas. Projections of the number of households (urban/rural) are based on projections of population growth for each SADC country, observed historical trends in the urban/rural split, and a value judgment based on observed trends in the evolution of household size for other transitioning economies.
Projections of demand drivers
Gross domestic product (constant 2005 US$ ppp) growth projections are developed for each SADC country based on historic GDP growth trends. Note that in almost all cases, the historical trend was extrapolated for a few years, then were made to peak and decline to a lower growth value, based on a similar approach used in (Haw, 2007) . Historic GDP growth (2001 GDP growth ( -2005 and the average growth projected (2006 onwards) are given in Table 7 . The resulting actual GDP evolution in constant 2000US$ ppp is shown in Figure 5 . Since the future growth rates are unknown, the assumed growth rates are scenario parameters, for which the impact on energy demand must be explored. Assumptions regarding the contribution of sectors of the economy to GDP in 2005 and 2030 are shown in Figure 6 Population growth projections are developed for each SADC country based on historic population growth trends. Historic population (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) and projections (2006 onwards) are shown in Figure 7 . South African population growth reflects the impact expected from HIV/Aids based on a model developed by the Actuarial Society of South Africa (ASSA, 2002) . Population growth models reflecting the impact of HIV/Aids were not available for other countries. The rural/urban split assumed for countries between 2005 and 2030 is shown in Figure 8 . The urban population is assumed to increase, based on historical rural-urban migration trends in the countries.
Final demand projections between 2005 and 2030
The results presented for Angola, Botswana, Mozambique, South Africa, Tanzania, Zambia and Zimbabwe are extracted from the LEAP model. Figure 9 shows that, given the assumptions made, the total final energy demand for the 7 countries in 2030 is roughly 2.5 times what it was in 2005. It is important to note that this demand does not include transformation from primary to secondary fuels. Figure 10 and Figure 11 show how final energy will change from 2005 to 2030, by fuel and by sector. The share of biomass (wood, dung and crop residue) decreases, due to households switching to modern fuels such as electricity and gas as they move from rural to urban areas. Figure 11 shows that the industrial and commercial sectors play a more important role in final energy demand in the future, displacing residential demand. Figure 12 shows the breakdown of final energy demand by fuel at country level. Note that in this figure, South Africa is on a different scale. In Angola and Tanzania, the use of biomass increases considerably and the question arises as to whether the use of biomass at this rate is possible or sustainable. The largest increases in electricity use occur in South Africa, Zambia and Mozambique. Over the period, South Africa continues to dominate demand in the region. Botswana's demand remains low, given its smaller population. Figure 13 shows the percentage of final energy demand attributed to the agricultural, commercial, industrial, residential and transport sectors within the countries. The percentage of final energy demand going to industry and commerce increases in all cases, because of the projected growth assumed in these sectors. Figure 14 shows the final energy intensity per capita and per US$ in 2005 and the projected values for 2030. In general, final energy intensity per capita increases, with South Africa seeing the greatest increase due to the continued increase of an already intensive industrial sector and the small increase in population over the period. The increase in energy intensity in Botswana is largely driven by demand in the transport sector. Botswana is a land locked country reliant on road, rail and air to transport passengers and goods over large distances. In this paper, the present day energy consumption, supply and resources of countries in the Southern African Development Community (SADC) are examined, by reviewing publicly available data. Most countries in the SADC have extremely low energy intensities compared to many developed countries, South Africa being the exception because of its more developed raw materials processing and mining activities, amongst others. The data seems to indicate that the structure of the economy (in terms of contribution from agriculture, industry and commerce) varies greatly between SADC countries. It is very likely that the contribution by the commercial sector is underestimated due to the exclusion of informal commercial activity in some cases.
The region is rich in energy resources; it has large hydro power potential in the north, large coal fields in the south and oil reserves off the west coast. There are also vast biomass resources, which could be sustainably harvested. Solar potential is good in most countries while wind potential data is pretty sparse except in the case of South Africa, where a recent report (Marquard, 2008) indicates greater potential than previously thought.
The Southern African Power Pool coordinates the supply and trade of electricity in the region, where Eskom in South Africa is the largest player. SADC is faced with diminishing surplus generation capacity and therefore SAPP is attempting to encourage investments in the region.
Consumption data within the SADC region is generally poor and often inadequate for planning purposes, quantitative data often varies widely between sources and between years. Except, in the case of South Africa, Botswana, Namibia and Mauritius, final demand is dominated by the residential sector in the form of biomass for cooking.
A LEAP end-use model was used to make some projections of final energy demand for countries for which IEA energy balances are available, namely, Angola, Botswana, Mozambique, South Africa, Tanzania, Zambia and Zimbabwe. The structure of the model was designed such that energy demand responds to changes and trends in economic growth, the structure of economy (in terms of the importance of primary, secondary and tertiary levels of economic activity), population growth, rates of urbanization, technological improvements, fuel switching (e.g. switch from biomass to electricity should electrification rates improve), and to some extent, modal switching in the transport sector. However, the data available to support such a disaggregated approach was only available for South Africa.
The model base-year was calibrated using energy data drawn from the IEA energy balances and socio-economic data drawn from UNCDB. The analysis indicates that we can expect to see a large increase in energy consumption in the SADC region, including a large increase in demand for biomass and electricity. In both cases, supply is of concern. Currently the SADC region is short of electrical generating capacity, and in some countries supply is reliant on hydro-electric stations which are susceptible to drought. Biomass use and alternatives for biomass use in many of the SADC countries requires attention in order to promote sustainable use of the resource.
Energy models such as the one presented in this paper can be very useful to planners and decision makers in order to rationalise the use of the energy potential available to the region subject to political, social, economic and environmental constraints, in order to support the sustainable development of the region.
The analysis using the LEAP model presented here, only looks at the demand for some of the countries, in a business as usual scenario. Much more insight could be obtained if, several more scenarios were analysed exploring the range of uncertain factors and their impact on the SADC energy system. Analysing demand without taking into account supply constraints is over-simplistic and limiting. One cannot account for supply constraints that could inhibit the demand, and the trade opportunities that would rationalise the use of the resources available to the region. Previous studies (Alfstad, 2005) have already identified potential savings in costs to supply demand in the region if trade between countries was better supported. There is a need for more analysis of this type to support policy makers and decision makers in the region.
The demand component of the SADC model itself could be improved. The industrial sector warrants further disaggregation into intensive (e.g. mining) and less intensive industries (e.g. textiles). The difficulty would be in determining how the contribution to the economy of these sectors would evolve over time. The residential sector could be further disaggregated into low income/high income or different household types. But disaggregation and more detailed analysis are only valuable if it is supported by data. It is therefore very important that efficient data collection practices are established in the region. Without good data and proper analysis, decision makers do not have the means to build sound practises.
